Liquid crystal (LC, Merk 5 CB) is infiltrated into active, InAs quantum dots embedded, InGaAsP membrane type nanocavities to investigate the possible effect of the LC orientation on active cavity tuning. The tuning is demonstrated thermally and thermo-optically. The thermal tuning showed that the cavity modes can be tuned in opposite directions and exhibits a sudden change at the clearing temperature. The mechanism relies on the existence of both ordinary and extraordinary refractive indices of the liquid crystal due to its molecular alignment inside the voids. It shows that the electric field distribution of cavity modes can have a substantial component parallel to the LC director. The average electric field orientation with respect to the LC orientation can be mode dependent, so that different modes can be dominated by either branch of the LCs refractive index. Thermo-optic tuning of the modes is obtained when the power of the excitation laser is increased from 40 µW to 460 µW. A large and a reversible blueshift of more than 10 nm of the cavity modes is observed which is attributed to temperature induced liquid transport. InGaAsP type of nanocavities, without InAs quantum dots were infiltrated with PbSe colloidal quantum dots to obtain a comparison of internal light sources either in the semiconductor or in the holes.
INTRODUCTION
Photonic crystal nanocavities have attracted much attention in both fundamental research and application areas of photonics because they can confine light in a small modal volume (V) with a very high quality factor (Q). The cavities having a high Q/V ratio have been used in the investigation of cavity quantum electrodynamics [1] . These cavities have also found a wide application in opto-electronics as ultralow-threshold lasers [2] , add-drop filters [3] and optical switches [4] .
Both the fundamental and the application areas require large, fast and active tunability of the cavity modes. Therefore, tuning mechanisms have been demonstrated that rely on changing the effective refractive index via temperature [5] or by inserting scanning probe tips inside the air holes [6] . Another promising approach is to change the refractive index of the cavity environment by infiltrating liquids. Liquid crystal (LC) has been widely used as an infill because its refractive index varies by temperature or electric field. LC is also attractive because it has two different refractive indices, the ordinary and extraordinary refractive indices, in the nematic state. Infiltration techniques and the effects of the infiltrated LC have been widely studied, in particular for two-dimensional (2D) photonic crystal structures. In these studies, shifts of the band-gap edges and the lasing mode have been observed by adjusting either temperature or electric field [7] [8] [9] [10] .
Colloidal QDs have been used before as an internal light source to characterize passive structures [12, 13] . The ability to dilute colloidal QDs makes them a promising candidate to obtain single QD interactions with the photonic states. So far, single photon generation at room temperature has been observed by using CdSe QDs; however these structures suffer from the low emission efficiency [11] . PbS and PbSe colloidal QDs have been used to characterize passive devices by embedding the QDs in a polymer matrix [12] . The long lifetime and high luminescence efficiencies have been observed at the telecommunication wavelength in Si based cavities [13] .
In this work, we demonstrate active tuning of liquid crystal infiltrated InGaAsP photonic crystal nanocavities incorporating InAs quantum dots by changing the temperature and applied laser power. Birefringence-induced mode dependent tuning of the cavity modes were observed by changing the temperature. We attribute the opposite tuning of the cavity modes to LC molecular orientation inside the holes which is most likely escaped radial configuration. Reversible blueshifts of the cavity modes by more than 10 nm were observed under laser irradiation. These are attributed to temperature induced LC transport in-and-out of the cavity as a result of laser-induced heating. We also infiltrated PbSe colloidal quantum dots into the passive InGaAsP cavities air holes, as an alternative to the InAs quantum dots inside the semiconductor. High photoluminescence enhancement and strong emission at the cavity modes were observed.
FABRICATION OF THE CAVITIES AND EXPERIMENTAL SET-UP

Photonic crystal nanocavity fabrication
To fabricate the photonic crystal membrane nanocavities, a 220 nm thick InGaAsP quaternary layer was grown on 1 μm InP buffer layer by using Metal-Organic Chemical Vapor Deposition [14] . The active cavities have a layer of selfassembled InAs QDs with a density of 3x10 The fabricated active and passive cavities are treated by O 2 plasma and then they are rinsed in H 3 PO 4 :H 2 O solution to increase hydrophilicity of the surface in order to obtain a good wetting for the infiltrations. The contact angle is occasionally measured and less than 15º is observed. In our experiments, the LC 4-pentyl-4'cyanobiphenyl (5CB, Merck), which has the nematic-isotropic phase transition temperature, or clearing temperature, T c at 35 °C, is infiltrated into the cavities under ambient pressure. This is done by placing a small drop of the LC on top of the sample and removing the excess liquid by blowing dry N 2 . The PbSe colloidal QDs are infiltrated into passive cavities under oxygen and water-free atmosphere in a glovebox. A drop of 1 mg/ml PbSe solution in chloroform was placed on the top of the sample. After evaporation of the chloroform, the sample is kept in a N 2 atmosphere in a sealed chamber to avoid oxidization.
Experimental set-up
Room temperature micro-photoluminescence (PL) measurements were conducted to investigate the nanocavities. The samples were mounted on an X-Y-Z stage, accommodated with a current controlled heating stage to vary the temperature for the thermal tuning. A CW He-Ne laser (λ = 632 nm, for thermal tuning) or a power tunable CW diode laser (λ = 660 nm, for thermo-optic tuning) was focused through high numerical aperture microscope objective (100x, N.A = 0.55 or 50x, N.A=0.45). Both laser spots have around 4 µm spot diameters and the He-Ne laser power is 13 μW on the samples. Excitation of the cavities and the collection of PL emission were done by the same objective. The collected PL was then dispersed in a monochromator and detected by liquid nitrogen cooled InGaAs array.
THERMAL AND THERMO-OPTIC TUNING OF THE LC INFILTRATED CAVITIES
Thermal and thermo-optic tuning of empty cavities
In order to investigate the thermal and thermo-optic effects on LC infiltrated cavities; we first conducted experiments by using unfilled active PhC nanocavities as a reference. We obtained the thermal tuning by varying the temperature of the sample using the heating stage at low power of the excitation laser. Figure 2(a) shows the temperature dependent wavelength tuning of the H1 cavity. The modes were identified by using 3-D Finite Difference Time Domain calculation (CrystalWave). As the temperature is increased from 20 °C to 64 °C, Fig. 2(a) shows that the modes, a split quadrupole mode (A and B), a hexapole mode (C), and a dipole mode (D), are almost linearly redshifted more than 6 nm at a rate of 0.1 nm/K. The tuning is caused by the change in the refractive index of the semiconductor by the temperature.
The thermo-optic tuning of a cavity is obtained by irradiating it with a focused laser and varying the power. Figure 2(b) shows three different PL spectra obtained from a modified H1 cavity as the power of the CW pump laser increases. The cavity has a lattice spacing of 511 nm and the six holes are reduced by 35 nm and shifted by 26 nm radially outward. The split quadrupole (A and B) and hexapole (C) modes clearly redshift as the excitation power increases from 1 mW to 5 mW. Significant decrease in both the Q values and the intensity is observed as the pump power increases as a consequence of the sample heating. The modes are redshifted more than 15 nm as the applied power is increased to 5 mW. The redshift of the modes is attributed to the change in the refractive index of the cavity due to cavity temperature increase. The increase is estimated to be more than 150 °C by using the calibrated heating experiment. The large temperature increase explains the reduced cavity emission at the higher values, related to increased nonradiative recombination from the QD's. Both thermal and thermo-optic tuning are reversible and no hysteresis has been observed. 
The LC is a birefringent material having two different refractive indices, ordinary and extraordinary, in the nematic state depending on the incident optical polarization. Figure 3(a) represents the temperature dependence of the ordinary (n o ) and the extraordinary (n e ) refractive index of the LC 5CB for the wavelength of 1.5 µm, calculated from the parameters given in Ref. [15] . The n o and the n e have an opposite temperature dependence, which varies slightly with temperature below T c and shows an abrupt change at T c = 35 °C, when both n e and n o become equal to the isotropic refractive index n i . The isotropic refractive index does not change with the temperature. Figure 3(b) shows the PL spectrum collected from the nanocavity, before infiltration. The modes are identified by using the 3-D FDTD calculation. The peaks occurring at 1461 nm and 1468 nm are quadrupole modes, referred to as the Q 1 -mode and the Q 2 -mode respectively. The Q 1 -mode and the Q 2 -mode are degenerate in ideal cavities, but in practice are split due to fabrication tolerances. The peak occurring at 1479 nm is the hexapole mode, referred to as the H-mode. Figure 3(c) shows the spectrum of the same cavity after the infiltration of the LC, which is done with the LC in the nematic state. All resonant modes are redshifted by more than 70 nm due to the change in the ambient refractive index. Since the filling is determined by wetting and governed by capillary forces inside the holes, the observed redshift after the infiltration is smaller than what we expected from the 3D FDTD calculations. Therefore, we simulated three different filling conditions: (1) total filling, (2) surface coverage and filling of the holes, and (3) surface coverage only, by using environment refractive index of 1.52. The simulation results suggest more than 100 nm redshift of the cavity modes after the infiltration in the case of total filling. Presumably, the undercut region is not filled. The simulation result is similar to the experimental result when we consider the second filling condition where surface is covered and holes are filled. Figure 3(d) shows the temperature dependent wavelength shift of the three modes. As the temperature is increased from 22°C to 44°C, the Q 1 -mode and the H-mode redshift by more than 9 nm and 6 nm respectively, with an abrupt jump of 4 nm and 2 nm at the phase transition temperature. The redshift can be partly accounted for by the temperature dependence of the refractive index of the semiconductor, corresponding approximately to 0.1 nm/K; however, the Q 2 -mode blueshifts by more than 3 nm, with a jump of around 1.5 nm at the transition point. The redshift and the blueshift are attributed to the increase in the ordinary and the decrease in the extraordinary branch of the LCs refractive index. It implies that the electric field distribution of Q 2 -mode has a substantial component parallel to the LC director. The average electric field orientation with respect to the LC orientation can be mode dependent, so that different modes can be dominated by either branch of the LCs refractive index [16] . The LC orientation is determined by sidewall anchoring, surface energy and molecular elasticity. Depending on these effects, three LC molecular orientations inside small diameter voids are theoretically proposed: uniform axial, planar polar, and escaped radial, as sketched in Figure 4 [17] . For the uniform axial orientation, Fig. 4(a) , only n o would be relevant for the TE-polarized cavity modes. Indeed, several papers suggest this orientation inside photonic crystal holes, notably in large hole diameter Si [18] and in deeply etched (InGa)(AsP) [19] . In other works, evidence is presented for the escaped radial configuration (Fig. 4(b) ), particularly well below T c [20] which has a significant amount of in-plane orientation. 
Thermo-optic tuning of the LC infiltrated cavities
We investigated the tuning of LC infiltrated PhC nanocavities by thermo-optic effects. Figure 5(a) shows the mode tuning of another H1 cavity having the same lattice spacing of 480 nm and the surrounding holes are reduced by 34 nm and shifted by 24 nm. As the applied laser power is increased from 40 µW to 460 µW, all modes are blueshifted by more than 10 nm including an abrupt shift around 170µW. On the other hand, the experiments on the thermo-optic tuning of unfilled cavities have demonstrated strong redshift of the cavity modes as the incident laser power increases. From Fig.  3(d) , the n e only has a small contribution to the refractive index. Therefore, the large blueshift must be attributed to a different mechanism. The mechanism is likely related to the laser induced mass transport in-and out of the cavity, due to the temperature, or temperature gradient increase around the cavity. The changes in Fig. 5(a) are reversible. For depleting the cavities from liquid, evaporation is a possible mechanism. For the re-infiltration, however, as the power decreases, it must be assumed that the LC flows back into the cavity due to the wetting of the LC on the sample. Note also an abrupt change near 170 µW, which could correspond to the clearing temperature of the LC. 
COUPLING OF PBSE COLLOIDAL DOTS TO THE CAVITIES
A high PL enhancement was observed from PbSe colloidal QDs under a weak CW excitation The QDs were deposited on top of an unprocessed InP sample and on the passive InGaAsP cavities, i.e. without InAs quantum dots. The samples were kept in an oxygen-free sealed chamber to avoid any photo-oxidization. Figure 6 (a) shows the PL emission of the QDs from an unprocessed InP sample. The PL intensity has been constant for a long period of excitation. We also investigated the PL emission from the same InP sample under ambient medium with the same excitation power. Figure  6 (b) and (c) are the PL emissions of the QDs collected from the same spot after 1 and 100 second(s) excitation. The PL intensity decreases due to photo-oxidization [21] . Figure 7 (a) the modes are split quadrupole (A and B) and hexapole (C) modes. They have Q factor more than 1000. The mode around 1375 nm in Fig. 1(b) is the fundamental mode having a Q factor of 600. The Q factors of both cavities are slightly smaller than the Q factors of the active cavities having the same lithographic parameters. The broad background in both figures is the QDs emission which is not coupled to the cavity mode. 
CONCLUSION
In this work, we investigated the activation of the passive and the active InGaAsP photonic crystal membrane type nanocavities by infiltration of liquid crystal or colloidal Quantum Dots. LC (5 CB, Merck) was infiltrated into active, InAs QDs embedded, InGaAsP membrane type of nanocavities. The resonant frequencies exhibited an abrupt change at the clearing temperature while different modes could be shifted in opposite directions. The latter is attributed to the mode dependent interactions with the ordinary and extraordinary refractive indices of the LC due to its molecular orientation distributions inside the holes. Large tuning effects were observed with varying laser power, which is tentatively attributed to temperature induced liquid transport. The epitaxial InAs QDs in the active membrane and the colloidal PbSe nanocrystals used in the passive membrane both had their emission wavelengths centered near 1.55 μm and had comparable wavelengths spread. For the InAs case, the emission was entirely dominated by the cavity resonance, while for the PbSe case the resonances were strongly dominant above a broad background. The active and the passive cavities are promising candidates for the future optoelectronics devices.
